222(Z)
while moving Na, Cl, and water from the mucosal to the serosal fluid (2, 3, 8, 10) . D uring this acidification, the concentration of free CO2 in the mucosal fluid has been reported to have decreased under some conditions (4, 14) and to have increased under others ( 11, 16) , suggesting that the acidification mechanism is not the sole determinant of the direction of change in the mucosal [CO,] . But the acidification mechanism of itself does, and indeed must, change the equilibrium poise of the reaction system, CO2 + H20 T= H&O3 the validity of our previously reported data on the grounds that the pKa' for distilled water rather than the one for 0.1 M NaCl solutions was used in estimating values of free [CO 21. They argued that when the proper pKa' was used, many of the reported transmural differences in [CO 2] disappeared and thus weakened the experimental foundation of the bicarbonate transport hypothesis. It, therefore, behooved us to recalculate all of our previous data, to do further experiments, and to reanalyze the data. A preliminary purpose of the present work was to correct all of our previous estimates of free CO2 using the proper p&'
value (e.g., 6.11 for the HCO 3-CO2 system in 0.1 M NaCl at 25 C ( 12)).
After making such corrections, some of the previously reported gradients of CO2 vanished; but in over two-thirds of the experiments, the magnitude of the corrected gradients was significant and the orientation was as previously reported (e.g., mucosal [CO,] C serosal [CO 21) .
The main purpose of the present work was to examine the effect of the following factors on the final transmural gradient of COZ: a) the level of serosal CO2, because if this were kept at near zero levels, the final concentratiorr of mucosal CO2 would always exceed that of the serosal CO 2, regardless of the mechanism of acidification; b) the prevailing levels of pH and HCO3 in the mucosal fluid, because the rate of hydration of CO2 and the rate of dehydration of H&O3 depend on the pH and HCO; levels; c) the metabolic production of COZ, because the CO2 so generated must diffuse out of the cell across the mucosal as well as across the serosal membrane under 
METHODS
After excision from the turtle, the bladder was washed lvith Ringer solution and mounted (serosal side out) on a Lucite stem fitted at the top with a vaccine bottle cap. The sacs, containing 6-12 ml of mucosal fluid, were imtnersed in 600 ml of a serosal-Ringer solution which was continuously bubbled with a CO S-02 gas mixture before a nd during the experiment. The mucosal fluid was prec:quilibrated with the same gas as that perfusing the serosal surface before it was placed in the lumen of the bladder.
Each sac was flushed with 3 or 4 aliquots (6 ml each) of the mucosal solution, filled, and preincubated for l-2 hr. After preincubation, the sac was refilled with 12-18 ml of mucosal fluid. Five minutes later, 6 ml of mucosal fluid \j.ere removed and designated as the initial sample. The 1)ostincubation sample or final sample was collected under i'ositive pressure from the sac at the end of the experiment. The immersion technique for collecting both the initial and final samples of mucosal fluid, described in detail previously ( 14), was essentially as follows. The mucosal fluid samples were obtained as follows. A 15-gage needle, fitted to the oil-filled syringe barrel via a three-way metal ytopcock adaptor, was inserted through the vaccine bottle cap into the bore at the Lucite stem. This assembly was irnmersed into a l,OOO-ml graduated cylinder containing the serosal incubation fluid. The hydrosatic pressure from this immersion forced the mucosal fluid into the barrel of the syringe under the contained oil (see Fig. 1 of ref. 14). During this procedure, the upper end of the syringe ljarrel was sealed with a holed rubber stopper penetrated t)v a glass tube, 15-20 cm in length, or sufficiently long to &event the serosal fluid from entering the syringe barrel. The syringe barrel, so filled with mucosal fluid, was then raised so that the level of fluid within the syringe was flush jsith the surface of the serosal fluid in the large cylinder, ;ind so that the upper one-fourth of the syringe barrel \j-as above the surface of the Suaranteed that the tempera serosal ture of fluid. This position the mucosal fluid sample remained equal to that of the serosal fluid during the pH measurements.
With the syringe barrel in this position, the holed rubber stopper was removed, and the PH electrode plunged through the oil layer into the mucosal fluid sample. After removing the pH electrode, the fluid in the syringe barrel was sealed at the bottom with the three-way metal stop cock and at the top with the oil layer. The total CO 2 content was then determined in the Yan Slyke apparatus after pushing the mucosal sample anaerobically through the three-way adaptor into a volulnetric pipette.
Measurements
The analytical techniques used have been described in detail previously ( 14) . F rom the determined  values of  pH and total CO2 content,  the concentrations  of CO2  and HC03 were estimated from the Henderson-Hasselbalch equation, using the appropriate pK/ (e.g., pK,' = 6.11 at 25 C) for this buffer pair in 0.1 M NaCl at the temperature of the sample ( 12).
As determined previously ( 14) and as determined in the present work, the analytical error for any single determination of pH in a given sample was 0.02 pH units (at the pH range used herein); and the analytical error for any single determination of total CO2 content in a given sample was 0.5 70. In this connection, the measured pressure differences in the Van Slyke machine were never less than 100 mm Hg. Consequently, the maximal expected error (at the 957 0 confidence level) for any single estimate of the concentration of free CO2 was =t 7 70 at pH 7.0 (the pH of the serosal fluid) and =t3 % at pH 5.6, the mean pH of the final acidified mucosal fluids. It should be noted that the aforementioned errors were calculated from the standard deviations of the individual estimates ( 14). In a set of n experiments involving such measurements, the standard error of the mean (equal to the standard deviation divided by 6) becomes less than the maximal expected error of each individual determination. The studies to be reported herein included such sets of n experiments.
Temperature
The average incubation temperature in all of the present experiments was 25 C (range, 24-26 C) ; and all of the measurements of pH of the mucosal and serosal fluids were made at the same temperature.
In three cases (in Table  2 ) the incubation temperature, and consequently the temperature at which the pH was measured was 19 C.
Duration of Periods and Mass of Bladder
The duration of the incubation period in all of the experiments varied from 3.5 to 6 hr (avg = 5 hr) during which time the rates of weight loss of the 5-to 6-ml sacs ranged from 40 to 150 mg/hr. The wet mass of the bladder walls ranged from 0.56 to 2.01 g (average = 1.10 g). The dry mass of the bladder wall ranged from 0.074 to 0.291 g (average = 0.170 g).
CO2 Production and 0 2 Consumption
To determine the metabolic rates of CO2 production and 02 consumption simultaneously in the same aliquot of tissue, about 0.4 g of fresh diced bladder wall was immersed in 5.0 ml of oxygenated Ringer solution in a thermostated incubation flask fitted with a Clarke oxygen electrode as described previously by LeFevre et al. ( 13) . The initial and final content of both CO2 and 02 in the incubation fluid were determined by the method of Van Slyke ( 17). The rate of oxygen consumption was also determined graphically from the output of the Clarke electrode as a function of time. The use of a Clarke elec-trode also provided a continuous monitor of the PO:! of the incubation fluid so that the experiment could be terminated before the tissue became anoxic.
Solutions
The serosal bathing fluid was Na-Ringer solution in one set of experiments, and choline-Ringer solution in another. The corresponding mucosal fluids were Na-Ringer or choline-Ringer solutions in which the bicarbonate concentration was set at some level between 5 and 25 mM, but were otherwise the same as serosal fluid. The composition of the Ringer solutions, in terms of final millimolar concentrations, was as follows : Na-Ringer. Na, 101; Cl, 91.0; HCOS, 17.6 in the serosal fluid and 5-25 mM in the mucosal fluids; K, 4.8; Ca, 2.0; HP04 + HzPO4, 0.8; Mg, 0.8; SOJ, 0.8; glucose, 11.0; pH, 7.1 in the serosal fluid and 6.0-7.6 in the various mucosal fluids.
In experiments on CO2 production and 02 consumption, the Na-Ringer solution used was the same as that described above, except that all HCO3 was omitted, the solution was gassed with 100 % 0 2, and the final pH, 7.0-7.1, was set by appropriately adjusting the HP0 4-H ZPO 4 buffer system.
Choline-Ringer. Choline, 101; Cl, 91.0; HCO3, 17.6 in the serosal fluid and 5-25 mu in the various mucosal fluids; K, 4.8; Ca, 2.0; HP04 + H%PO4, 0.8; SO4, 0.8; glucose, 11.0; pH, 7.0-7. I in the serosal fluids and 6.0-7.6 in the various mucosal fluids.
RESULTS

Revision of Previous Data
Previously reported concentrations and transmural gradients of free CO2 were decreased in magnitude after changing the value of the PK,' from 6.35 to 6.11. In 20 experiments, arbitrarily divided into three groups on the basis of the final mucosal pH ( Apparently, the arbitrary division of data (see Table 2 , ref 4) masked the statistical significance of the changes in the transmural gradients of CO2 because each of the three mean values was derived from a heterogeneous population of bladder sacs. The reason for the heterogeneity was that the concentration of free CO2 in the serosal fluid varied by as much as 50 % in going from one experimental set to another. These variations occurred whenever a new gas tank was employed. A close look at these data estimated from the p&' value of 6.11 revealed that the level of free CO2 in the serosal fluid had a predictable influence on the magnitude and direction of the transmural gradients generated during the acidification process. For example, in each one of the three previously reported groups of experiments, there were two distinct concentration ranges of serosal of CO2 was kept ae levels in excess of 1.7 mM, (group I>, the mean concentration of CO2 in the final acidified fluid, 1.53 mM, was siznificantly less than that in the serosal fluid (P < 0.01). The mean of the 10 transmural differences, -0.535 ' 0.12 mM, was significantly different from zero (P < 0.01 :i. These data on acidification of the mucosal fluid, explain& only by bicarbonate absorption, are inconsistent with the existence of H ion secretion except as a concomitant arrcs, quantitatively minor process. When the serosal concentration of CO2 was less than 1.7 mM (group II>, the mean concentration of CO2 in thfz final acidified mucosal fluid was greater than, but ns~ significantly different from, that in the serosal fluid. The table also presents the data of Green et al. (11) Tables 2 and 3 present initial and final values of pH, HCO 3 , and CO2 in the mucosal and serosal fluids of two groups of turtle bladder sacs. One group consisted of 10 iacs where the serosal concentration of CO2 was in the range 1.78-Z. 13 mM (Table 2) ; and the other group consisted of 8 sacs where the serosal concentration of CO2 was in the range of 1.05-1.X mM (Table 3) . Table 2 presents data obtained from the 10 bladders imrnersed in a serosal fluid with a cchigh" level of CO2 . time in each and every one of the other nine experiments. \Vithout exception, the free CO2 in the mucosal fluid Regardless of the concomitant diffusion of and metabolic reached levels which were measurably less than those in the production of CO2 , these data can be accounted for only serosal fluid. The term ccmeasurably," as used here, means by the absorption of bicarbonate ions per se from the muthat each one of the differences between the final concencosal fluid. tration of free CO2 in the mucosal fluid and that in the Table 3 presents data from the eight bladders immersed serosal fluid was greater than could be accounted for by the in a serosal fluid with a "low" level of CO2 . with the serosal CO2 maintained at a near-zero level, the at 1 .O mM and the pH at 6.12; b) that the net rate of hydrafinal level of CO2 in the mucosal fluid would have to be tion of CO 2 in the mucosal fluid (20 pmoles/hr in 10 ml) I greater mechan than that in the serosa ism of acidification---as 1 fluid, no matter what the .ong as the bladd .er wall is is equal to the net rate of disappearance of bicarbonate from the mucosal fluid; c) that p&' at 25 C = 6.12; producing metabolic CO2 . This means that a final excess KnZoo3 = 1.32 X 10e4; K' (hydration) = 8 )( lo-2 liter of mucosal over serosal free CO2 is not sufficient to establish set-l; and K (dehydration) = 13.6 liter se@ ( 1). a hydrogen-secretion mechanism. Comparing data of Tables 2 and 3 shows that the pH, [HCOS] , and [CO,] of the final acidified mucosal fluid in sacs gassed with high levels of serosal CO2 are the same as those in sacs gassed with low levels of serosal CO2 . This means that the composition of the acidified mucosal fluid, and consequently the mechanism of acidification, is independent of the serosal level of free CO2 in the range reported. The action of the bicarbonate pump mechanism (established by the data of Observables. a) In the present work, the prevailing concentration of mucosal CO2 was in the range of 0.7-2.2 mM; that of HCOS , in the range of 0.4-27.0 mM; and that of pH, from 4.6-7.2.
b) The rates of bicarbonate transport were in the range of O-20 pmoles/hr.
c) Given that the actual rate of bicarbonate transport in group III is the same as that in group II, a small leak of metabolic CO 2 into the mucosal fluid would be 10 times more likely to mask the hydration of CO2 in group III than it would in group II. Other examples of this phenomenon can be seen in Tables 4 and 5 (3, 7, 11, 14 
AcidiJication in Na-Free Bathing Fluids
In the preceding experiments, the transport of bicarbonate from mucosa to serosa was along the transmural electrical potential gradient (serosal side positive) presumably generated by the sodium transport mechanism.
In the absence of sodium in the bathing fluids, the turtle bladder transports chloride and bicarbonate actively from mucosa to serosa (3, 7, 8, 14) . It was therefore pertinent to examine the characteristics of the acidification process in the absence of sodium in order to determine a) the rate of acidification when bicarbonate is transported against its transmural gradient of electrical and chemical potential; and b) the effect of the transport under such conditions on the pH, HCO 3 , and free CO2 of the mucosal fluid.
It was expected that the factors operative in the Na-free system would be the same as those in the Na-rich systeme.g., poise of the mucosal buffer system, prevailing levels of mucosal pH and HCO3, the serosal [CO 21, the metabolic rate, and the permeability of the epithelial cell membranes to co2 l Accordingly, bladder sacs, immersed in and filled with choline-Ringer solutions, were subjected to the same procedures of mounting, incubation, sampling, and gassing as had been applied to the Na-rich system. Table 4 presents mean values of pH, HCO3 , and CO2 in the mucosal and serosal fluids of three sets of experiments on bladder sacs bathed in Na-free solutions. The division into three sets was based on the factors of poise, prevailing pH of the mucosal buffer, and the serosal level of free CO2 .
In the first set of four experiments (group 1) the mucosal buffer was favorably poised (pH, 6.4) and the serosal level of CO2 was relatively high (2.04 mM), both of which conditions had led to a clear demonstration of bicarbonate transport in the Na-rich system (see Table 2 ). Even though the mucosal bicarbonate decreased by a small amount with little or no change in mucosal pH, the mucosal [CO21 actually decreased to a level less than that in the serosal fluid. This result can only be explained on the basis of isohydric bicarbonate pumping, the principles of which have been detailed for conditions in the Na-rich system, and apparently apply equally well to similar conditions in the Na-free system.
That these data represent an isohydric pumping of bicarbonate is based on the observations that the mucosal-free [COT] decreased significantly without a comparable increase in mucosal [HCOS]; and that the final level of mucosal [CO 21 was less than the serosal [CO 21, whence the mucosal CO2 could not have disappeared via transmural diffusion. One has to invoke a pump for either free CO2 or for HCO 3 to account for the significant decrease in tilt total CO2 content of the mucosal fluid.
The analysis concerning the effect of buffer poise suggests that the transmural gradient can be eliminated by in creasing the pH and [HCOS] of the mucosal fluid-i.e., b:, making the buffer unfavorably poised for the hydration co2.
In the second set of experiments (group U), data froli! which are shown in the table, the mucosal buffer was UIV favorably poised while the serosal CO2 was kept at 2.14 m&l.. In all four experiments the mucosal CO 2 increased to ;a level greater than that in the serosal fluid but the magnitudt. of the final transmural gradient of CO2 was not statisticall) significant.
In the third set of experiments of Table 4 (group 1.1) both factors, buffer poise and serosal CO2 , were set to favor' the development of high mucosal CO2 levels in order to mask the bicarbonate transport mechanism.
In all four Ed periments, the pH of the mucosal fluid decreased concomi tantly with an increase in free CO2 . The final transmurat gradient of CO2 was oriented such that the level of fret* CO 2 in the mucosal fluid exceeded that in the serosal fluid, and the mean value of its magnitude was statistically significant.
The results in Table 4 suggest that bicarbonate transport resulting in acidification of the mucosal fluid occurs even in the absence of sodium, and that the qualitative nature of this acidification process is essentially the same a~ that found in the presence of ambient sodium.
Role of Transport Rate
The rate of bicarbonate transport controls the extent of the shift of the mucosal equilibria and the magnitude of the final transmural gradient of CO 2 , for any given level of pW and bicarbonate in the mucosal fluid and for any given level of serosal CO2 . This suggests that the bicarbonate clearance (i.e., the net transport rate of bicarbonate) should be correlated with the final transmural gradient of CO2 . This correlation, though apparent in a plot of values of the transmural gradient of CO2 versus those of bicarbonate clearance, showed considerable scatter of the data. The scatter of data, ascribed to variations in the functional mass of bladders, was substantially reduced by normalization of the clearance value with respect to the dry mass of each bladder wall. Figures 1 and 2 show plots of values of the final transmural gradient of CO2 versus those of the normalized bicarbonate clearance. Figure 1 shows the pattern of data obtained when the serosal CO2 was fixed at a level greater than 1.7 mM (mean level, 1.99 & 0.05 mM) in 18 experiments; and Fig. 2 , the pattern obtained when the serosal CO2 was fixed at a level less than 1.7 mM (mean value, 1.36 zt 0.06 m.~) in 18 experiments.
Each point plotted denotes the results obtained in a single experiment on a bladder bathed by Na-rich or by Na-free solutions. Figure 1 , depicting the pattern of data for high levels of serosal CO2 , shows that the final level of mucosal CO2 was consistently less than that of the serosal CO2 whenever the: bicarbonate clearance exceeded 0.6 cm3/hr per 100 mg of dry bladder wall; but was greater than the serosal CO2 when the clearance was less than 0.6 cm3/hr. Figure 2 , depicting the pattern of data for low levels of o-Na-free The mean rates of 02 consumption and CO2 production were 4.6 1 and 4.82 pmoles/hr per 100 mg dry wt, respectively; and the mean RQ was 1.05. These values for Qog and Qcoz were minimal ones, ascribable in part to the absence of HCO3 from the bathing fluids. In this connection, LeFevre has shown that the Qo~ in the presence of HCO3 in the incubation fluid was about twice that reported above ( 13); and Gonzalez et al. (9) ,a,v ,',,,',,,',,,,,,,' , , , ( , , Thus, the rates of metabolic CO2 production, 5-10 pmoles/hr per 100 mg dry wt, were of the same order as those of bicarbonate transport and greater than those of hydration of mucosal CO2 . Table 5 sug-1 and 2 (and shown elsewhere in the paper) are fully congests that when the rate of hydration exceeds 50% of the &tent with the action of a bicarbonate pump in a cell probclrlate is slow enough, the rate at which metabolic CO2 ducing metabolic CO2 .
erzters the mucosal fluid exceeds the rate at which the mu- Therefore, it is not necessary to invoke a second mechanism (the hydrogen secretory pump) to account for the accumulation of CO2 in the acidified mucosal fluid which occurred in some of the experiments. As a matter of fact, the accumulation of mucosal CO2 can be elicited reproducibly by choosing the appropriate experimental conditions such as: the initial poise and concentration of the HCO3-CO2 buffer system in the mucosal fluid; and the level of serosal CO2 . This reversal in the orientation of the transmural gradient is due to the retardation in the rate of hydration of free CO2 in the mucosal fluid. In addition, the metabolic rate and the permeability of each of the two cell membranes (neither of which has been measured concomitantly with acidification) influence the rate of entry of CO2 into the mucosal fluid. Whenever the hydration rate of mucosal CO2 and/or the transport rate of bicarbonate are low enough relative to the rate at which some fraction of the metabolically produced CO2 diffuses from the cell into the mucosal fluid., free CO2 will accumulate in the mucosal fluid.
where : Vm is the volume of the mucosal fluid; A[HC03 +-CO2]m 9 the decrease in mucosal concentration of total CO, content; and where feQco2 is the fraction of metabolic CO2 diffusing from cell to mucosal fluid.
As has been indicated by the metabolic data of this report, CO2 is produced by the tissue bathed in Na-Ringer solutions with or without HC03 . Part of the CO 2 entering into the mucosal fluid is hydrated and converted to bicarbonate which is then transported out of the mucosal fluid. Calculations indicate that this process can account for the acidification rates found when the bladder is bathed by Na-rich, HCO s-free, CO z-free mucosal fluids (7) l According to the model, the level of free CO2 in the cell is greater than that in either one of the bathing fluids. ln the event that the bicarbonate pumping approaches zero (see data on low bicarbonate clearance in Figs. 1 and Z) , the level of free CO2 in the enclosed mucosal fluid should approximate that in the cell fluid, which in turn remains greater than the level of free CO2 in the large open volume: of serosal fluid. Apart from the intrinsic acidification due to the accumulation of CO2 per se, the finding of a higher level of free CO2 in the mucosal than in the serosal fluid is equally compatible with H pumping, HCO3 pumping, or with no acidification mechanism at all.
Figure 3 is a schematic representation of acidification of the mucosal fluid by the bicarbonate pump mechanism (exact membrane location of pump is not specified) in a metabolizing cell where the rate of production of CO 2 is QCO~ . Due to the action of the pump, the levels of free CO 2
The model for the bicarbonate mechanism of acidification in the turtle bladder is fully consistent with all of the data on acidification shown here and elsewhere (4, 7, 11, 14) , as well as with all of the data on oxygen consumption ( 13) and CO2 production by this tissue. The model further illustrates the difficulty in attempting to prove the existence of a h) drogen secretion by a metabolizing tissue. Such a proof rcquires a demonstration that the level of free CO2 in tht::
